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ABSTRACT 

Various  authors  have  proposed  methods  for  predicting  the  plastic  behavior  at 
the  root  of  a  notch  under  monotonic  loading.  Among  those  i s  a  method  by  Neuber, 
which  was  originally  developed  for  shear  but  which  ha:,  been  empirically  applied, 
at  Neuber's  suggestion,  to  tension  and  compression  loading.  There  has  been  only 
a  limited  confirmation  of  Neuber's  method  in  tests  of  notched  specimens.  Addi¬ 
tional  confirmation  is  given  in  this  report  for  a  range  of  notch  geometry. 

The  basis  of  the  Neuber  approach  is  the  suggested  rule  that  the  geometric 
san  of  the  stress  and  strain  concentration  factors,  when  the  root  of  the  notch 
is  plastic,  is  given  by  the  theoretical  elastic  concentration  factor: 

(K  K  )l/2  =  K_. 
a  t 

The  Neuber  rule  is  evaluated  using  an  appropriate  analytic  representation 
of  the  stress-strain  curve  of  AISI  4340  steel  and  predictions  of  maximum  notch 
strain  versus  nominal  net  section  stress  are  developed.  The  theoretical  results, 
when  compared  with  test  data  from  flat  notched  specimens  of  the  same  material 
with  a  range  of  initial  elastic  concentration  factors,  show  agreement  within  5%. 
It  is  shown  that  the  limitations  of  the  strain  gages  in  measuring  the  notch  root 
strains  can  account  for  a  major  part  of  the  discrepancy. 
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LIST  OF  SYMBOLS 


not  section  area,  in.‘ 
exponent 

notch  sneciwen  half  gross-width;  b  *  w/2,  ln- 

^eneral'  coefficient ."strain- stress  x  strain  poweT  law 

coefficient;  C  *  Cp  in  plastic  region 
coefficient;  C  -  Ct  in  transition  region 
coefficient,  strain-stress  power  law 
notch  specimen  net-section  width,  in. 
modulus  of  elasticity,  psi 
theoretical  elastic  concentration  factor 
i  strain  concentration  factor,  elastic  or  plastic 
>  stress  concentration  factor,  elastic  or  plastic 
■  elastic  concentration  factor  for  a  notched  semi-mtinite 


9.  *  notch  length,  in. 

m  ■  exponent;  p  »  m  in  transition  region 
n  *  exponent;  p  ■  n  in  plastic  region 
P  *  applied  load,  lb. 

p  -  general  exponent,  strain- stress  *  strain  power  law 
q  «  exponent,  strain- stress  power  law 
r  ■  notch  root  radius,  in. 
t  ■  specimen  thickness,  in. 
w  *  notch  specimen  gross  width,  in. 


a  ■  exponent 


ft  ■  exponent 
c  ■  strain,  in. /in. 
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elastic  strain,  in. /in. 

maximum  notch  strain,  in. /in. 

nominal  net-section  strain,  In. /in. 

plastic  strain,  in. /in.  (See  Eq  8) 

proportional  limit  strain,  in. /in. 

transit Lonal  strain,  in. /in,  (Se©  Eq  7j 

0.1%  offset  yield  strain,  in. /in. 

stress,  psi 

elastic  stress,  psi 

maximum  notch  stress,  psi 

nominal  net-section  stress,  psi;  oo  *  p/*net 

plastic  stress,  psi  (See  Eq  8) 

transitional  stress,  psi  (See  Eq  7) 
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INTRODUCTION 


Methods  of  pv»Wi ct i no  the  plastic  behavior  in  notches  and  other  discontinu¬ 
ities  under  cyclic  loading  have  been  developed  by  adopting  static  prediction 
methods  for  low  cycle  fatigue.  A  study  by  Stowe ll,1  of  the  plastic  concentration 
factors  around  a  hole  in  a  plate  under  static  leading,  was  generalised  by  Hsrdrath 
and  Ohman2  to  include  various  other  geometric  discontinuities  and  then  applied  by 
Crews  and  Hardrath3  to  cyclic  loading.  Kuhn  and  Figge,14  analogously  building  on 
earlier  work  of  Neuber,5  were  also  able  to  arrive  at  a  scheme  for  predicting  the 
strength  of  notched  parts  under  cyclic  loading.  As  another  example  of  this  proc¬ 
ess,  Wetzel,6  using  a  later  formulation  of  Neuber7  on  plastic  concentration 
factors  under  monotonic  loading,  was  able  to  develop  a  method  for  relating  the 
conditions  in  a  smooth  specimen  to  those  in  a  notched  specimen  under  cyclic  load¬ 
ing.  The  aforementioned  examples  are  not  meant  to  be  an  exhaustive  survey  of  the 
field  but  have  been  presented  as  illustrative  examples  of  a  particular  approach 
to  cyclic,  plastic  behavior  of  elements  with  stress  concentrations.  These  ap¬ 
proaches  have  in  common  a  particular  sequence  of  analysis: 


a,  Modification  of  the  conventional,  monotonic  loading  elastic  concentration 
factor  to  take  into  account  plastic  behavior  in  the  notch  or  other  discontinuity. 

b.  Experimental  verification  of  the  derived  plastic  concentration  factor 
under  monotonic  loading  conditions. 


c.  Modification  of  the  plastic  concentration  factor  for  cyclic  loading  to 
obtain  fatigue  concentration  factors. 

d.  Experimental  verification  of  the  values  of  the  fatigue  reduction  factors. 

A  crucial  step  in  this  described  sequence  is  the  development  of  a  well- 
founded  method  of  predicting  plastic  concentration  factors  under  monotonic  loading 
for  later  application  to  low  cycle  fatigue.  In  monotonic  loading,  the  plastic 
concentration  factor  formulation  is  evaluated  using  the  virgin  stress-strain  curve 
of  the  material.  This  formulation  then  becomes  the  basis  for  fatigue  behavior 
predictions  when  the  cyclic  stress-strain  curve  is  substituted  for  the  virgin 
stress-strain  curve  to  develop  the  analytic  results. 

The  method  developed  by  Neuber7  for  predicting  plastic  concentration  factors 
is  attractive  since  it  can  easily  be  adapted  to  machine  computation.  Because  it 
has  had  only  limited  experimental  confirmation,  the  study  described  here  was 
undertaken  to  assess  its  predictive  value  for  monotonic  loading,  prior  to  applying 
the  theory  in  low  cycle  fatigue.  This  report  describes  a  combined  analytical  and 
experimental  investigation  with  the  following  major  objectives: 

a.  To  refine  the  procedure  of  plastic  concentration  factor  prediction  for 
monotonic  loading  using  an  appropriate  analytic  representation  of  the  virgin 
stre^" -strain  curve  of  AISI  4340  steel. 


To  perform  experiments  on  notched  tension  specimens  of  AISI  4340  steel 
with  a  range  of  initial  elastic  concentration  factors  for  comparison  with  theoret¬ 
ical  prediction  of  the  plastic  concentration  factors  resulting  from  monotonic 
loading. 
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NEUBER  FORMULATION 


The  basis  of  Neuber's  approach  is  the  suggested  rule  that  the  geometric 
mean  of  the  stress  and  strain  concentration  factors  is  the  theoretical  elastic 
concentration  factor: 


<Wl/2-Kt  w 

where  o0  and  ^  en/t0  f°r  plane  stress. 

Although  the  original  formulation  of  Neuber's  rule  was  developed  for  mono¬ 
tonic  loading  in  shear,  Neuber  has  suggested  and  there  has  been  some  experimental 
evidence  to  show  that  it  may  also  apply  to  tension  or  compression  loading. 

Krempl8  presented  plastic  strain  and  stress  concentration  factors  for  notched 
specimens  (nominal  Kt  *  3)  of  carbon  steel,  2.5  Cr-1  Mo  alloy  steel,  and  type  304 
stainless  steel  from  which  geometric  means  could  be  computed.  The  calculated 
discrepancy  between  the  geometric  mean  of  the  plastic  stress  and  strain  concen¬ 
tration  factors  and  the  theoretical  elastic  concentration  factor  averaged  less 
than  approximately  ±  5%,  These  results  shou’d  not  be  considered  conclusive  since 
the  precise  values  of  Kt  for  each  of  the  individual  specimens  was  not  reported 
and  data  points  were  taken  from  charts.  Nevertheless,  Krempl's  results  were  suf¬ 
ficiently  good  to  warrant  further  pursuit  of  the  Neuber  approach. 

It  is  possible  to  rewrite  Equation  1  by  applying  the  definition  of  strain 
and  stress  concentration  factors  referred  to  the  nominal  net  section  stress  and 
strain  as 


(o_E  /o  E  )1/2  -  Kt 

n  n  o  o 

(2) 

or 

(a  E  )K2  -  (a  e  ) . 
o  o  1  n  n 

(3) 

The  left-hand  side  of  Equation  3  refers  to  the  nominal  net  section  stress  and 
strain  (subscript  0)  while  the  right-hand  side  refers  to  conditions  at  the  root 
of  the  notch  (subscript  n) .  In  order  to  determine  K  or  K  from  Equation  3,  it 
is  necessary  that  the  equation  be  expressed  in  termsof  stress  for  the  former  or 
in  terms  of  strain  for  the  latter.  This  is  most  easily  done  by  the  use  of  a 
power  law  of  stress-strain  behavior  such  as 

e  -  DcR.  (4) 

It  is  shown  later  in  this  report  that  calculations  ure  facilitated  if  Equation  4 
is  transformed  into 


e  =>  C(oe)P  (5) 

where  C  =  ^  +  and  p  =  q/(q  +  1). 

In  the  next  section  of  this  report,  the  stress-strain  properties  of  heat- 
treated  AISI  4340  steel  are  given  in  the  form  of  Equation  5  by  using  a  curve¬ 
fitting  procedure  on  test  data. 


ANALYTIC  STRESS-STRAIN  RELATIONS  FOR  AISI  4340  STEEL 


A  graph  of  r.  versus  (::r)  for  heat  treated  AISI  434C  steel  ^lulled  on  loga¬ 
rithmic  coordinates  reveals  two  linear  regions  in  addition  to  the  elastic  region 
as  shown  schematically  in  the  upper  graph  of  Figure  1.  The  linear  region  between 
the  proportional  limit  strain  i  j,j  and  the  0.1%  offset  yield  strain  iy  has  been 
designated  here  as  the  transitional  region  and  corresponds  to  the  knee  of  the  con¬ 
ventional  stress-strain  curve  shown  in  the  lower  graph  of  Figure  1.  The  region 
where  strains  are  in  excess  of  this  yield  strain  has  been  designated  here  as  the 
plastic  region. 


Figure  1.  Log  stress-log  stress-strain  end  stress-strain  curves  for  AISI  4340  steel  (schematic! 


three  regions 

can  be  represented  by  equations  of  the  form  given  in 

(5): 

Elastic 

ee  =  (i/E) 1/2  Cve)1/? 

(6) 

Transitional 

et  “  ct  (Vt5™ 

(7) 

Plastic 

e  =  C  (o  e  )n. 

P  P  P  P 

(8) 

A  typical  log  e  versus  log  (at)  plot  for  one  heat  of  heat-treated  AISI  steel 
is  shown  in  Figure  2.  An  automated  data  reduction  procedure  using  a  least-squares 
analysis  was  applied  to  obtain  the  coefficients  and  exponents  shown  in  the  figure. 
This  procedure  involved  a  number  of  steps:  (1)  autographic  recording  of  the  engi¬ 
neering  stress-strain  curve;  (2)  automatic  analog  to  digital  conversion  of  the 
data  on  punched  tape;  (3)  tape  to  card  conversion;  (4)  computer  data  reduction 
using  a  specially  written  program  which  included  linear  and  logarithmic  least- 
squares  analyses. 


NOTCH  STRESS  AND  STRAIN  ANALYSIS 

Referring  to  Equation  3,  it  should  first  be  noted  that  the  og  and  e0  are  nom¬ 
inal  values  referring  to  the  net  section.  The  net  section  conditions  are  defined 
as  follows:  o0  =  p/Anet  and  e0  is  given  by  an  equation  of  the  form  of  Equation  5. 
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Figurj  2.  Log  stress-long  itrwitriln  data  for  ona  heat  of  heat  treated  AISI  4340  steel 
showing  material  constants  for  three  regions 


The  net  section  strain  conditions  will  depend  upon  whether  the  net  section 
stress  is  elastic,  transitional,  or  plastic.  Referring  to  (3),  it  is  possible  to 
recognize  six  cases  of  net  section  (right-hand  side)  and  notch  (left-hand  side) 
conditions  for  any  given  notch  geometry  as  determined  by  the  value  of  the  elastic 
concentration  factor  Kt.  These  are  enumerated  below: 


A.  Analytic  Formulations 

A  given  specimen  with  a  predetermined  value 
of  the  elastic  concentration  factor  will  pro¬ 
gress  through  a  number  of  cases  as  it  is  loaded 
monotonically  to  failure.  The  actual  progres¬ 
sion  will  depend  on  the  magnitude  of  Kt  and  on 
the  toughness  of  the  test  material.  A  partic¬ 
ular  specimen  need  not  progress  through  ill  the 
cases  as  it  is  loaded  to  fracture.  For  example,  a  specimen  with  high  Kt  manufac¬ 
tured  of  a  material  with  only  moderate  toughness  may  progress  through  cases  1,  2, 
and  3  only.  With  higheT  toughness  the  progress  may  be  through  1,  2,  3,  5,  and  6. 
Other  combinations  of  toughness  and  would  lead  to  different  progressions. 


Case 

No. 

Net  Section 
Condition 

Notch 

Condition 

1 

Elastic 

Elastic 

2 

Elastic 

Transitional 

3 

Elastic 

Plastic 

4 

Transitional 

Transitional 

5 

Transitional 

Plastic 

6 

Plastic 

Plastic 

4 


It  is  assumed  in  the  following  development  that  plane  stress  conditiors  in 

iiutc.il  m  t,  Aciig  Lamilng  ucuurs  ; 


C 1  -  a- _ - -  I  .  . t  •»  .  ..  i  *1-  - 

*■-*.«<»  IIWLVll  DUO\-JUIlCII  JJ4.CVttJ.Jk  anu  UIOU 


Case  1:  The  elastic,  conditions  of  case  1  follow  the  familiar  stress  concentration 
factor  relations  where: 


a)  K 


Kc  "  V 


b)  o  =  K.a  and  f.  =  K  e  . 

n  t  o  n  t  0 

In  the  subsequent  development  of  cases  2  through  6,  the  notch  strain  and 
stress  values  will  be  obtained  by  suitable  substitutions  of  relations  (6),  (7), 
or  (8),  into  (3).  Then  the  appropriate  plastic  strain  and  stress  concentration 
factors  will  be  given.  Each  of  the  cases  is  considered  separately  below. 

Case  2:  Elastic  Net  Section  -  Transitional  Notch  (t  <e  , ;  e  <e  ) 

0  pl  n  yJ 

a)  Notch  strain:  Since  the  nominal  net  section  is  elastic  the  right-hand 
side  of  (3)  may  be  expressed  in  terms  of  strain  and  the  elastic  modulus: 


V'n  =  Cr0E>Kt‘ 

Now  (9)  can  be  combined  with  (7)  and  solved  for  r. 

En  3  VEoKtE>m- 


C9) 


(10) 


b)  Notch  Stress:  The  right-hand  side  of  (3)  may  be  expressed  in  terms  of 
stress  and  the  elastic  modulus  since: 


e  =  a  /E 
0  0 


then 


Vn  " 

The  right-hand  side  of  (10)  may  also  be  expressed  in  terms  of  stress 

En  -  Ct(og/E)mKt2m. 

Now  (13)  is  substituted  into  (12)  and  solved  for  a^: 

an  -  (l/Ct)(og/F.)Cl'B)Ktt2'Z,n3- 


(ID 

(12) 

(13) 

(14) 


c)  Strain  Concentration  Factor: 

By  definition  the  strain  concentration  factor  is  given  by 


\  ‘  Veo- 

.  .  »  4.  ..  i  .. 


bUDStltUtlOI)  or  (1UJ  ill lu  l'sauii.a  xn 

Kf  -  Ct(K2E)\0(2m“l). 

d)  Stress  Concentration  Factor: 

Analogously  to  (15)  the  stress  concentration  form  is 

K  -  o  /o  . 
a  n  0 


n  ci 

v  —  / 


(16) 


(17) 


Substitution  of  (14)  into  (17)  results  in 

K0  -  (l/Ct)OCj/E)tl-”>(oc)('-2*)  »«) 

Case  3;  Elastic  Net  Section  -  Plastic  Notch  (E^e^;  En>Ey) 

This  case  is  directly  analagous  to  case  2;  however,  the  material  properties 
for  the  notch  are  described  by  (8).  The  equations  can  be  written  by  inspection 
using  (10),  (14),  (16),  and  (18)  as  guides. 

a)  Notch  strain  (analogous  to  (10)): 

e  -  C  (c2K  E)n.  (iS>) 

n  p v  o  t 

b)  Notch  Stress  (analogous  to  (14)): 

a  -  (1/C  )  (a2/E)  (l"n)|C  (2_2n) .  (20) 

n  p  y  1 

c)  Strain  Concentration  Factor  (analogous  to  (16)): 

K£  -  Cp(K2E)Cn)c0(Zn_i:)  (21) 

d)  Stress  Concentration  Factor  (analogous  to  (18)): 

Ke  -  (l/Cp)(K2/E)Cl"n)(o0)(l"2n:).  (22) 

Case  4:  Transitional  Net  Section  -  Transitional  Notch  (epl<Eo<E;n-£y5 

a)  Notch  Strain:  This  is  quite  simply  obtained  by  substitution  of  (7)  into 
both  sides  of  (3),  resulting  in 

(en/ct)1/m  *  Kt(e0/Ci:?l/m  C?3) 
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which  ran  he  reduced  to 


e  -  K^ni  e 
n  t.  o 


(24) 


b)  Notch  Stress:  Substitutions  of  (24)  into  (3)  results  :.n  an  expression 
for  notch  stress: 


O  «  K2--2ra0 

n  t  0 

c)  Strain  Concentration  Factor:  This  is  obtained  directly  ^rom  (24): 

K  -  K2ffl. 
c  t 

d)  Stress  Concentration  Factor:  This  is  obtained  directly  from  (25): 

K  -  Kl'™. 

a  t 


(25) 


(26) 


(27) 


Case  5:  Transitional  Net  Section  -  Plastic  Notch  (e  j<e0<e  ;  Cy<en) 

a)  Notch  Strain:  Determination  of  notch  strain  in  this  case  is  made  by 
substitution  of  (7)  into  the  right-hand  side  of  (3)  and  (8)  into  the  left-hand 
side.  The  result,  after  simplification  is: 


‘IVW 


n/m 


(28) 


b)  Notch  Stress: 


By  suitable  algebraic  manipulation  of  f7)  and  (8)  and  subsequent  sub¬ 
stitution  into  (28),  the  strain  factors  can  be  transformed  to  stress  with  the 
following  result: 

°n  ■  K?-"<l/VcX  09) 

where  o  =  (l-n)/(l-m). 

c)  Strain  Concentration  Factor:  Substitution  of  (28)  into  (15)  results  in 

K  =  (1/C  )n/m  (n-m)/m  (30) 

z  Z  P  r  e0 

d)  Stress  Concentration  Factor:  Substitution  of  (29)  into  (17)  results  in 

Ko  “  Kt(2_2n)(l/Cp)(cJ)o0f“-l).  (31) 


Case  6: 


Plastic  Net  Section  -  Plastic  Notch 
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This  case  is  directly  analogous  to  case  4  and  the  various  relations  can  be 


I  —  ~  .4.  U  - 


wij. cuDn  uy  j.iispcc v.iCm  using  luo  appropriate  material  constants  for  the  plastic 
range. 


a)  Notch  Strain: 


e  ■  K2n  e„. 

n  t  0 


(32) 


b)  Notch  Stress: 


n  K2'2ncr  . 
n  t  0 


(33) 


c)  Strain  Concentration  Factor: 

K  > 


v2n 
*t  ' 


(34) 


d)  Stress  Concentration  Factor: 


«,  ■  *-rn- 


(35) 


B.  Calculation  of  Theoretical  Results 


Laborious  computations  are  required  to  evaluate  the  stresr  and  strain  history 
of  a  particular  specimen  as  it  is  monotonically  loaded  and  progresses  through  the 
various  cases.  A  computer  program  was  developed  to  perform  the  calculations  for 
any  specimens  of  a  given  Kt  value,  which  properly  discriminates  the  correct  pro¬ 
gression  through  the  various  cases  arid  eliminates  those  which  are  unnecessary. 

The  program  yields  the  notch  stress  and  strain  values  as  a  function  of  net  sec¬ 
tion  stress  and  strain,  the  plastic  concentration  factors,  and  the  required  loads 
for  a  given  net  section  area.  A  listing  of  the  program  ar.d  a  typical  printout 
are  given  in  Appendix  A. 

As  an  added  convenience,  a  program  for  computing  the  elastic  concentration 
factor  Kt  can  also  be  developed  and  combined  with  the  plastic  program.  Such  a 
program  for  a  flat  tension  specimen  with  semicircular  notch  ends  was  developed 
using  separate  formulations  for  deep  and  shallow  notches  given  subsequently  in 
this  paper  in  (43-46).  The  combined  program  is  also  given  in  Appendix  A. 

In  the  experiments,  described  in  the  next  section  of  this  report,  notched 
tension  specimens  were  loaded  and  an  autographic  record  of  net  section  stress  ver¬ 
sus  maximum  notch  strain  was  obtained.  The  theoretical  values  of  the  two  param¬ 
eters  were  obtained  from  the  computer  program  directly  without  the  necessity  of 
using  an  explicit  relation  between  notch  strain  and  net  section  stress  of  the 
form: 


“  f(En)-  C36) 

For  completeness,  however,  the  explicit  relations  between  net  section  stress 
and  notch  strain  have  been  developed  for  each  of  the  six  cases  and  they  are  listed 
below  in  (37-42) . 
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(37) 


Case  1:  nQ  =  (E/K^f^. 


Case 

2: 

°0 

=  E1' i(t:n/CtKt)1''zm 

for 

E.-E  .  <  E  <  F.  . 

0  pi  n  y 

(38) 

tase 

3: 

,7o 

-  Kl/z(rn/C  Kt)3/''« 

for 

0  pi  n  y 

(39) 

Case 

4: 

°0 

=  (l/Kt(?-2B)Cj/,n)i:n(1 

-m)/m 

for  f.  *;k  ^e  . 

pi  0  n  y 

(40) 

Case 

5: 

°0 

=  (E^K'^pC^)  (1-n')/'m 

for 

pi  0  y  n 

(41) 

where  6  =  [l-n(l-ra) ]/m(l-m) 

Case  6:  oQ  ■=  (1/Kt (2'2n)  )  (e  Cl-")/C  ) 1/n  for  ey<eQ<En  (42) 


EXPERIMENTAL  PROCEDURE 

Externally  notched  flat  tension  specimens  with  the  notch  configurations  shown 
in  Figure  3  were  fabricated  from  two  lots  of  AISI  4340  steel  plate.  These  were 

given  identical  heat  treatments  before 
specimen  fabrication.  Electrical  resist¬ 
ance  strain  gages  were  installed  at  the 
roots  of  the  notches  and  the  specimens 
were  monotonically  loaded  to  fracture.  The 
nominal  net  section  stress  (converted  from 
applied  load)  and  the  notch  maximum  strain 
were  autogruphically  recorded  up  to  approx¬ 
imately  2%  strain.  Monotonic  loading  was 
continued  until  fracture  and  the  fracture 
load  was  recorded.  Stress-strain  proper¬ 
ties  were  obtained  from  standard  flat 
tension  specimens  using  strain  gages  and 
159  clip-on  extensometers .  The  stress-strain 
data  were  recorded  autographically  and  the 
autographic  records  were  analyzed  using  an 
automated  data  reduction  process.  The  de¬ 
tails  of  the  procedure  are  described  in 
this  section;  comparison  of  the  experimen¬ 
tal  results  with  the  theoretical  predic¬ 
tions  is  given  in  the  next  section. 

o.eou  i.ooo  2.oo  A.  Material 

Material  properties  specimens  and 
notched  specimens  were  fabricated  from  two 
separate  heats  of  AISI  4340  steel  plate. 
Figure  3.  Notch  config  irationi  and  notch  dimeniioni  received  in  the  annealed  condition.  Lot 
of  0.1  -inch  thick  flat  nom ied  specimens.  No.  1,  used  for  one  notched  specimen  and 
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one  smooth  tension  specimen,  was  reeciveu  a  a  G. 3-inch- thick  plate  v.'hil?  Lot  No. 

2  was  received  as  0.75-inch-thick  plato.  The  chemical  analyses  of  both  lots  are 
givAn  hf>lnw  together  with  the  heat  treatment  details: 


Chemical  Analyses  (wt  %) 


C  Mn  P  S  Si  Ni  Cr  Mo  Fe 

Lot  No.  i,  0.40  0.74  0.003  0.004  0.22  1.88  0.87  0.25  Remainder 
Heat  3931362 

Lot  No.  2,  0.39  0.80  0.005  0.006  0.23  1.77  0.78  0.26  Remainder 

Heat  3830298 


Heat  Treatment  (Applied  Mechanics  Research  Laboratory  Designation:  A-16) 

Austenitize  at  2300  F,  1  Hr;  Furnace  Cool  to  1550  F 
Oil  Quench  to  R.  T. ;  Hold  15  min. 

Double  Normalize  in  Salt  at  1650  F,  1  hr;  Air  Cool 
Reaustenitize  in  Salt  at  1S50  F,  1  hr 
Oil  Quench  to  R.T.;  Hold  15  min. 

Quench  to  Liquid  Nitrogen  Temperature 
Temper  in  Salt  at  920  F,  1  hr 
Water  Quench  to  R.T. 


The  as-received  material  was  cut  into  blanks  from  which  one  or  more  specimens 
could  later  be  prepared  and  heat  treated  in  its  full  thickness.  The  thickness  was 
then  reduced  to  0.10  inch  for  specimen  preparation. 

B.  Stress-Strain  Tests 


Standard  flat  +  tension  specimens  (2-inch  gage  length,  0.50-inch  wide,  and 
0.10-inch  thick)  were  tested  to  obtain  stress-strain  properties  of  the  heat 
treated  material.  These  were  loaded  in  a  Tinius  Olsen  hydraulic  testing  machine 
and  strains  were  measured  either  by  electrical  resistance  strain  gages  or  by  a 
cl.ip-on  extensometer.  The  data  were  recorded  autographically  on  a  X-Y  recorder 
whose  axes  were  calibrated  for  each  specimen  to  read  strain  and  stress  directly 
(rather  than  load  and  extension).  The  resulting  stress-strain  data  w»re  auto¬ 
matically  converted  to  digital  form  and  subsequently  were  analyzed  by  computer 
using  least-squares  analyses:  Linear,  in  the  elastic  region  to  obtain  E;  and 
linear- logarithmic  in  the  nonelastic  regions  to  obtain  the  material  constants  and 
exponents  required  for  the  experimental  approximation  of  the  stress-strain 
properties. 

C.  Notch  Specimen  Preparation  and  Testing 

For  the  design  of  the  notched  specimen  shown  in  Figure  3  with  Kt  values  of 
1.5,  1.59,  and  2.00,  the  following  relations,  empirically  derived  by  Heywood,9 
were  employed: 


Kt  =  [ (t/r)/ (1 . 55 [w/d] -1 .3)]a 


(43) 
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where 


e  -  j>.'/d  -  1  *  o.5(»/r)1/2]/[(w/H)  -  1  +  ({./r)1/7]  (44) 

(See  Figure  4  for  identification  of  notch  parameters.) 

These  relations  were  incorporated  into  a  computer  program.  In  the  interest 
of  completeness,  a  formulation  for  specimens  where  K^>2  was  also  included  in  the 
program.  Barat.ta  and  Neal10  using  a  prior  formulation  of  Bowie11  showed  that  the 
foliowing  relations  are  appropriate  for  deeper  U  notches: 

Kfc  =  [1  +  0.182(t/b)  -  1 .071  (£,/b)7  +  1.727 (H/b) 3]  [1  -  (d/b) ]  (45) 


where 


=  0.775  +  2.243(P/r)l/2. 


(46) 


After  manufacture,  the  specimens  were  carefully  measured  and  the  actual 
stress  concentration  factors  for  the  notches  were  re-evaluated  using  the  appro¬ 
priate  formulas.  Because  of  manufacturing  tolerances  the  values  of  computed 
from  actual  dimensions  could  depart  from  the  nominal  values  by  several  percent. 

The  basic  notch  specimen  design  is 
shown  in  Figure  5  for  one  notch  configura 
tion.  This  basic  design  was  used  for  all 
the  notches  shown  in  Figure  3.  Specimen 
blanks  were  cut  from  the  as-received  mate 
rial,  heat  treated,  and  then  reduced  in 
thickness  to  0.10-inch  by  machining  equal 
amounts  of  material  from  each  surface. 

The  various  holes  and  contours  were  ma¬ 
chined  into  the  final  thickness  blank. 


ah£ — r 


r 


w  -  2b 


/Tvr  i 


Figure  4.  Identification  of  notch  parameters 


Figure  5.  Notch  specimen  design  and  dimensions. 
Notch  configuration  dimension  given  in  Figure  3. 
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Strain  gages,  blu  Type  FAT • 03 -12,  0.040  inch  long  and  0  nR-inch  wide,  wore 
cemented  at  the  notch  roots,  one  in  each  notch  in  individual  specimens.  These 
were  electri rally  connected  in  series  so  that  bending  components  of  strain  were 
eliminated  and  so  that  the  longitudinal  strain  reading  obtained  was  the  average 
for  the  two  notches  in  each  specimen.  The  specimen  gages  formed  one  aim  of  a 
Wheatstone  bridge  with  compensating  gages  on  a  dummy  specimen  forming  an  opposite 
arm.  The  remainder  of  the  bridge  consisted  of  precision  resistors.  The  unbalance 
bridge  voltage  was  recorded  on  a  Hewlett-Packard  X-Y  recorder  calibrated  to  read 
0.001-in. /in.  strain  per  one-half  inch  of  pen  displacement  along  the  recorder 
X-axis . 

The  bridge  energizing  voltage  was  held  to  approximately  two  volts.  This  1 im 
ited  the  power  dissipation  of  the  gages  to  less  than  5  watts/sq  in.,  a  sufficient¬ 
ly  small  value  so  that  excessive  heating  of  the  specimen  in  the  notch  root  was 
avoided. 

Loads  were  recorded  on  the  Y-axis  of  the  recorder.  By  taking  the  specimen 
area  into  account  it  was  possible  to  calibrate  the  recorder  to  read  net  section 
stress  directly  on  a  scale  where  10  ksi  was  the  equivalent  of  one-half  inch  of 
pen  displacement.  The  resulting  autographic  recording  showed  net  section  stress 
as  a  function  of  notch  strain. 


EXPERIMENTAL  AND  THEORETICAL  RESULTS 


In  a  test  of  a  notched  specimen  it  is  possible  to  measure  the  maximum  strain 
at  the  root  of  the  notch  and  to  determine  the  net  section  stress  from  the  net  sec¬ 
tion  area  and  the  applied  load.  Theoretical  values  of  these  two  parameters  can 
also  be  developed.  It  is  assumed  that  a  comparison  of  the  theoretical  and  experi¬ 
mental  values  of  the  two  parameters  will  constitute  a  valid  test  of  Neuber’s 
hypothesis  although  the  hypothesis  itself  is  stated  in  slightly  different  terms. 

A.  Mechanical  Property  Data 

The  reduced  material  property  data  for  the  two  separate  heats  of  material 
used  for  specimen  manufacture  are  given  in  Table  I.  The  constants  given  for  tran¬ 
sition  and  plastic  regions  of  the  stress-strain  curve  are  those  applicable  to 
Equations  7  and  fi. 

Table  I.  STRESS-STRAIN  DATA  FOR  TWO  HEATS  OF  HEAT-TREATED  AISI  4340 
STEEL  OBTAINED  FROM  A  LEAST-SQUARES,  CURVE-FITTING  ANALYSIS 


Heat 

Elastic 
Modulus , 

epl 

E 

y 

Transition-Region 

Plastic-Region 

No. 

106  psi 

% 

\ 

Ct  IR 

cp 

n 

1 

30.0 

0.47 

0.60 

1.39xl0'4  0.542 

7.52X10"6 

0.962 

2 

29.6 

0.53 

0.65 

0.65xl0-4  0.655 

7. 50xl0-6 

0.962 

The  values 

S  Of  Ep! 

and  ey 

were  < 

calculated  from  the 

fitted  curves.  The 

tional  limit  strain  has  been  taken  at  the  intei 
with  the  curve  representing  the  transition  region, 
represents  the  intersection  of  the  transition  region  curve  with  the  plastic  region 


The  yield  strain  value,  Ey, 


curve , 
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B.  Notch  Specimen  Data 

Experimental  and  theoretical  net 
section  stress  and  notch  strain  data  for  a 
tvnii  jjl  YiiAin  avia  oJvpti  in  l-'iouTp  . 

~ J  i.  "  i .  -  O  *»  44 

The  figure  shows  fairly  good  agreement  be-  to2 
tween  experiment  and  theory  up  to  approxi 
mately  1.4%  strain  which  is  typical  for 
all  specimens  tested.  A  summary  of  the 
comparison  between  experiment  and  theory 
for  all  the  tests  is  given  in  Table  II 
below.  The  agreement  in  the  elastic  re¬ 
gion  was  within  two  percent. 

In  each  case  the  experimental  values 
of  notch  stress  for  a  given  notch  strain 
were  greater  han  the  theoretically  pre¬ 
dicted  values-  Beyond  the  indicated 
strain  limit  values  shown  in  the  table 
there  was  a  much  larger  discrepancy  which 
is  interpreted  as  an  effect,  of  multiaxial 
stress  and  resulting  notch  strengthening. 

It  is  not  altogether  clear  whether  the 
discrepancies  shown  in  Table  II  are  also  a  result  of  multiaxial  stress  effects 
or  result  from  inevitable  variations  in  heat  treating  in  the  separate  batches 
which  were  used  in  the  program.  With  the  exception  of  one  specimen,  the  theory 
appears  to  be  conservative  by  approximately  5%  up  to  about  1.5%  notch  strain. 
However,  certain  possible  errors,  discussed  below,  could  account  for  the 
discrepancy. 

C.  Experimental  Accuracy 

Load  errors  (and  hence  net  section  stress  errors)  were  neglible  since  the 
testing  machine  was  calibrated  just  prior  to  the  testing  program  using  proving 
rings  whose  own  calibration  was  traceable  to  the  Bureau  of  Standards, 


Table  II.  COMPARISON  BETWEEN  EXPERIMENTAL  AND 
PREDICTED  NET  SECTION  STRESS-NOTCH  STRAIN  DATA 


Specimen 

No. 

Heat 

No. 

h 

Discrepancy 
Exp .  vs  Theory 

Strain  Limit 
in. /in. 

A-l-1 

1 

1.59 

<1% 

0.0200 

Dl- 21-4 

2 

1.50 

+4.0% 

0.0140 

Dl- 21- 2 

2 

1.50 

+2.5% 

0.0140 

D13-12-9 

2 

1.50 

+4.8% 

0.0140 

Dl-  31- 1 

2 

2.00 

+6.5% 

0.0140 

D13-13-5 

2 

2.0 

+5.5% 

0.0160 

D13-13-9 

2 

2.0 

+4.5% 

0.015 

Figure  6.  Typical  experimental  and  theoretical  data 
for  K,  -  l.B 


Major  sources  of  error  in  the  strain  measurements  resulted  from  the  following 

1.  The  manufacturer's  stated  +3%  uncertainty  in  the  value  of  the  gage  factor 

2.  The  presence  of  a  strain  gradient  at  the  notch  root  with  the  maximum 
strain  value  confined  in  an  area  smaller  than  that  of  the  strain  gage. 

3.  An  estimated  possible  ±0.01  inch  deviation  of  the  position  of  the  center 
line  of  the  gage  from  the  center  of  the  notch  root. 

The  magnitude  of  the  latter  two  sources  of  error  is  not  known,  however,  both 
would  tend  to  produce  strain  readings  which  were  less  than  the  actual  maximum 
strain  in  the  notch. 

Some  uncertainty  in  the  results  arises  from  the  fact  that  it  was  not  possible 
to  heat  treat  the  stress- strain  specimens  and  the  notch  specimens  all  in  the  same 
batch  because  of  the  limited  capacity  of  the  heat-treating  facilities.  Tests  indi 
cated  that  there  could  be  a  variation  in  the  computed  notch  strains  of  ±1%  based 
upon  scatter  of  the  material  properties. 


CONCLUSIONS 

The  major  conclusions  of  this  study  are  as  follows: 

1.  Predictions  of  plastic  notch  strain  and  notch  stress  can  be  developed 
using  Neuber's  rule  and  an  analytic  representation  of  the  stress-strain  curve  in 
three  regions:  elastic,  transitional,  and  plastic. 

2.  Theoretical  predictions  of  net  section  stress  versus  plastic  notch  maxi¬ 
mum  strain  are  within  5%,  on  the  average,  of  experimentally  observed  values  for 
notched  specimens  of  heat-treated  AISI  4340  steel  up  to  a  maximum  notch  strain 
value  of  approximately  0.015  in. /in. 
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APPENDIX  A  -  COMPUTER  PROGRAMS 

The  programs  are  written  as  Fortran  I 

1.  Program  No.  1,  Plastic  stress  and  strain  in  notched  tension  specimens  with 
given  value  of  the  elastic  concentration  factor  and  given  material  properties. 
The  input  data  required  are  given  below: 

Parameter  Fortran  Designation 


Elastic  Concentration  Factor,  K* 

X 

Modulus  of  Elasticity,  E,  psi 

E 

Transitional  Exponent,  m 

Q1 

Plastic  Exponent,  n 

Q2 

Transitional  Coefficient,  Ct 

Cl 

Plastic  Coefficient,  Cp 

C2 

Proportional  Limit  Strain,  epi,  percent 

* 

EPL 

0.1%  Offset  Yield  Strain,  ty,  percent 

EY 

Program  Cut-Off  Notch  Strain,  percent 

EMAX 

Specimen  Net-Section  Area,  sq  in. 

AREA 

Specimen  number  is  entered  using  up  to  11  alphanumeric  characters. 

A  list'ng  of  the  program  is  given  on  page  17. 

2.  Typical  Output  of  Program  No.  1.  A  typical  output  run  of  Program.  No.  1  for 
a  specimen  of  AISI  4340  steel  with  and  elastic  concentration  factor,  Kt«1.5,  is 
given  on  page  Id. 

3.  Program  No.  2.  Elastic  concentration  factor  and  plastic  stress  and  strain 
in  notched  tension  specimens  with  given  notch  dimensions  and  given  material 
properties. 

This  program  combines  a  program  for  computing  the  elastic  concentratioji 
factor  using  either  of  two  methods  (Heywood  method  for  shallow  semicircular 
notches  or  Bowie  method  for  deep  semicircular  notches)  with  Program  No.  1. 

In  addition  to  the  material  property  parameters  listed  as  input  for  Program 
No.  1,  the  following  input  data  are  required  for  the  combined  program: 

Parameter  Fortran  Designation 


Specimen  Width,  w, 

in. 

W 

Length  of  Notch  No. 

1, 

*1. 

in. 

A1 

Length  of  Notch  No. 

2, 

&2, 

in. 

A2 

Radius  of  Notch  No. 

1, 

*1. 

in. 

R1 

Radius  of  Notch  No. 

2, 

*2. 

in. 

R2 

Specimen  Thlckneps, 

t, 

in. 

T 

The  method  of  computation  is  designated  by  the  entry  of  NN  in  the  4th  state 
ment  of  the  program  lists  given  on  page  20.  For  NN  =  00,  the  Heywood  method  is 
used;  for  NN  ■  01,.  the  Bowie  method  is  used.  'rhe  words  "Heywood"  or  "Bowie"  are 
entered  in  the  same  statement.  The  specimen  .  jmber  is  entered  as  described  pre¬ 
viously  for  Program  No.  1. 


80  COLUMN  PRINTOUT  OF  PROGRAM  NO.  1 

__  J _ BEAD  77  7  .  I_lEST.nl  .P2 . P 3 . PA . P5 , P6 . P 7 . PB , P9 , P I  0 ,P 1 1 

If  I  i  V  1-3  T  1  t»?i  /?  »ii 

2  PRINT  771.  PI  ,P2«P3.P4.P5.PS.P7f  PI.P9.P1Q.PU 
READ  8BV.Q1 .02. Cl .C2.EPL »E  V  • EMAX . F 
RTAD  1 0 1 »  X.  *REA 
PRINT  102  .E.LPL.t  r.I  MAX 
PRINT  105.C1 iQ\»C2»Q2 
PRINT  )  1?  »  X  »  A  RI  A 
PRINT  13 
PRINT  1A 
PRINT  15 
PRINT  U 
PRINT  202 
SO-20000. 

E-EM  :o.»«4) 

17  FO-SO/F 

en-x-eo 

I FlfN-EPL I Li .11.300 

16 

P “SO* ARf  A 
SQP-SO/IUOU. 

EOP»EO*1QQ. 

SNP*SN/1000. 

ENP-EIM1U0. 

_ PRJiU_JLUip_lEQPi50P._ENP,iNP  _  _ 

SO-SO+  10000. 

GO  TC  17 

100  PRINT  302 

301  SO"EO«E 

EN-C1  M  <X»»2lMEO»»2»«EH»*Ql 

_LTJm-Lvj_L9ujt.MP_ 


19  SN"( X **2  1  *1  tO»*2  I  •t/tN 
XS-SN/SO 

XE-EN/EO 
P -SO* AREA 

sop-so/iooo. 

_ eop-eo*ioo. _ _ _ 

5NP-SN/1000. 

ENP-ENMOO. 

PW1NT  222.P.EOP.SOP.ENP.SNP.X5.XE 
EO-EO  +  0.0001 
1F1E0-CPU  101.301.500 

_AQC  PRINT  kOi _ 

*01  SO-EO*E 

EN-C2M  <  <X»tO»«*2»»U«Q2 
IF(EN-EMAX)  20.20.1 

20  SN-I I X«E01«*2I»E/CN 
XS-SN/SO 

_ JlE-EN  /E0_ 

p-$o«area 

SOP-SO/IOOO. 

EOP-EO»lOO. 

SNP-SN/IQ09. 

ENP-ERtlOO. 

_ PRIf^T  222.P.EOP.SgP.ENP.SNP.XS,XE 

EO.EO+O.OOOl 
1 F i EO-CPL 1  AO  1 .401 . 600 
5Q0  PRINT  302 


501 


21 


50- 1  I  E0/C1I#»U./0J  1  V/EO 
£X-E0*X««t2.*Ql 1 
I F I EN-E V )  21.21.S00 
SNM i EO*50)*X*#?»/EN 
XS-3N/S0 
XE-EN/EO 

■ranror  ' 

sop-so/iooo. 

EOP“ED*l  DC. 

SNP-SN/1000, 

EW4EW100. 

PR  NT  22 2 1  »P  » EOP  . SOP  ♦  E NP  .SNP.KSsXE 
IFIEO-EY1  501.501. 700 


17 


6rt0  PRINT  602 

601  l N*C?* I X6* I 2*«€2) »*<FO/C 11 *• I Q2/011 
If  (E'f-EMAX)  22, ,22,  1 
tl  HU" l \ tu/Ci i  I»/SS  I  1 /Cw 
6H-I  (k'0«6Ol»X«»?l /tN 
X«-SN/S0 
Kt-EN/fcO 
P- SO* AH FA 
£»Of*"SO  *  1U00  ■ 

ERP»£  N* iQO. 

EOP*F.0MQ0. 

SNP«5N/JOOO. 

PRINT  222  •  P. FOP. SOP O.  KPv3MP.X6.XC 
EO-EO+0.0OO2 
1FfEC~EY)*01  *601.700 
f QO  PN I  NT  702 

701  €N»CQ*X»* I 2«*Q2 l 

i r < »  2 i 1 23,1 
21  S0»( I £0/C2t««1 1./Q2 M /EO 

S  N“  » 1 tO* SO  ) #  X ** 2 ) /EN 
XS-SM/SO 
_XE*EN/EQ 
P«50*APEA 
SOP-SO/IOOO. 

EOP"E  0*\00* 

SNP-SN/lOOO. 

ENP«EM*100> 

_ PRINT  222fP,EOP,SQP«EHP*SNP.X&*Ke 

fcO-EO*Q.OOOZ 
OO  TO  701 

1J  F  ORMAT(2*X26HPREDtCTEO  NOTCH  PROPERTIES,//) 

1 A  rnAMAll  3 A  KAPPL.ED,3X3;,MG*i.7x3HHUM.7X:ir.MA*.7x3HMHX.dXlHlU 
1  7X INK  I 

_ IS  _  FORMAT  \  6XAHLOAO  <SxtHSTRAlN,4XfeHSTRESS,  AXAHSTRAIN*  AX6H3T  RE&S  » 

Fax  JHSUb,f  xiMSuto) 

16  FORMAT ( 5X6HPOUNDS, AX7HPERCENT ,  3X3HXSI t  7X7MPERCENT ,  3X3HKS1 ,0X1  MS, 

L  7 XlHC  ■>/ / ) 

101  FO«MATl2FO.h  i 

102  FOAMAT<//,5X,2HE-,F6.2,*H*10i*6,3X.4HEPL-.F|.6,3x,3M£VfF».6.3X, 

1  6HEMAX*,F«.6t// ) 

t&?  rawrrr;5mrT'.,Tin5,TX^^-,F7^,5x*jHC2'*,nra,ix,iHHi-.F7.5, 
i  //» 


202  FORMAT  I  /  *20X1 3 HE LAST l C-EL AST  1 C , / ) 

222  rORMATiFl2*4'FlO.3,F9.1tF10.5,F7«l,3X>n.6,2X*F7*M 

SC2  FORMAT | / * 20X20KELAST l  C- TRANS  1 T l ORAL , / 1 
*02  FORMAT I/.20K13HCLAST1C-PLA57 1C, /) 

502  FORMAT  1 /,20X25HTRANS!T IOMAL-TRANS IT 10MAL,/) 

--ftfll _ FQAMATl/*20X2QHTNANSlTlDNAL -PLASTIC. /I  _ 

702  FORMAT|/.20X13HPLASTIC-PLA5TIC,/1 

777  FORMAT  i  I  l.UAll 

771  FORMAT* //,M*3HELASTIC  *  TRANSITION,  AND  PLASTIC  ANALYSIS  OF 

1  UHS*eUMEN  NO,  1 1  Al  »//) 

••9  FORMAT  *  2F7«5,2E1US,3F7.6.F6.2  ) 

_ 00  TO  1  _  _ 

tf?  STOP 

END 
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:- 

% 

i 

\ 

1 

TYPICAL  OUTPUT  OF  PROGRAM  NO.  1 

1 

7*  INST  71  0* 

•  *ho  nil  MC  mi| 

-SIS  or  S*f 

!NfN  No 

01  ?  I 

I  C:  M«to*io*«s  1*1'  .004900 

C 

r  t  . 

005900  f  "II  -  -07*000 

1  cl:  .HOM-09 

a l  .  .4S9DQ 

<  i 

. isnno-ns 

•  7. 

.947  00 

|  l-ivr:  1.10000 

Nil  i«ri  .rirno 

SC  IN 

puroicTro 

iwuro 

NOH 

NO" 

Nil 

Nil 

„ 

9 

(OiO 

ST»*In 

1  »*l  IS 

H»»  IN 

Wlf  ss 

SO# 

%U* 

- 

rounds 

ntcrtf 

"IT 

Nl  »f  TNT 

■  11 

9 

f 

it  uuc-ni'Tic 

>700.0001) 

.0*797 

jo.  n 

.101 19 

10.0 

I*: 

r  1*00.0000 

.10111 

1*1.0 

. ihiai 

9i.  n 

nit.mi 

.1111* 

•o.n 

.707  70 

*0.0 

1000. 0000 

.1*11? 

90.0 

.79111 

11.0 

1*00.0000 

.70770 

*0.7* 

.  109  09 

90.0 

tM1.M1l 

.7)1*1 

>0 .  r 

.19*71 

io%.  n 

*•00.0000 

. 77071 

•o.  n 

.  9  O'  9  T 

1  70.0 

l 

.  J0*0* 

so.  n 

.99109 

1  19.0 

n  it!9,!!9i 

.  urn* 

ioo.  n 

.90*.  It 

iso. a 

i 

ii  is  nr  tr«nsi  t  (onii 

.111*7 

l  lo.  n 

.  9*7  7(1 

147.0  1 

,97|9 

1  .177* 

tni.Mii 

. 111*7 

11  1.0 

. 917*0 

its. n  i 

.94D« 

i  .inn 

im.iiir 

. 1*1*7 

IH.i 

.4010* 

t*«.n  i 

.9991 

i  .%%i  7 

m?.  7994 

.  *01*7 

111.9 

.*7*91 

170.9  1 

9)/* 

1  .1*9* 

r Jin. His 

.*11*7 

1  7  1  .  M 

.**10* 

111.  ■  1 

•  9?  *  9 

1  •  %  74* 

n  AiTic-nisrir 

MIM111 

.*71*7 

111.* 

.*7111 

119.1  1 

.19*0 

1 .*019 

HM.M1I 

.*11*7 

177.9 

.  7»*M 

179. R  1 

H»1 

1  .*9  9  7 

i««1.  Hi? 

.**1*7 

110.7 

.  71| 9* 

171.1  1 

-MU 

1  .4711 

•  Oin.  ?99| 

.*11*7 

111.  7 

.  7  7*17 

171.9  | 

11  ?fl 

1  .71*0 

■  l!«.  I1M 

.•*1*7 

IK.* 

.10719 

171,7  1 

•  79  S  7 

1.7*00 

im,m? 

.171*7 

119.* 

.*91  If, 

1  74.0  1 

.14  01 

1  .7*40 

«»M1*» 

.r|»*7 

1*7.* 

.i  7*99 

174.7  1 

.mi 

1  .*700 

bvii.h*? 

.*91*7 

191. S 

•  1  1  I  •• 

I7f.f  1 

.71  W1 

1  .1191 

•  10«.  VMS 

.101*7 

1*1.1 

.99791 

17*.*  1 

1907 

1  .R*97 

•at*,  in* 

.111*7 

m.9 

.11940 

177.1  | 

.  1*17 

1  .  92  9  9 

i?t]«iii« 

pin*? 

119.9 

1.071 9* 

177.3  1 

.  19*9 

1  .9997 

TMHll  1101*1  n*MTf 

a 

iiin.«iit 

.111*7 

11*. 1 

1.0199* 

177.1  1 

.1199 

1 .1*11 

: 

im.M» 

.1111? 

111.* 

1.11179 

17?.!  1 

.  119! 

?.0i*| 

1 

•  71*.  US? 

.HI*? 

1*7.* 

1  .  1  7917? 

171.)  1 

.  01*9 

7.017  1 

f 

1119.10*1 

. 191*7 

1*1.4 

1  .71179 

17R.4  | 

.nr*i 

7.0*19 

101  10.001* 

.*11*7 

1*1.  s 

1  .79111 

171.0  1 

•  nwt 

7 .1 1  *7 

lom.tiM 

.*11*7 

171.9 

I  .  H*7? 

179.1  I 

.0943 

7.1 109 

1 

g 

(0*11.1111 

.*1117 

179.7 

I.9?|** 

1  79.* 

.01  |) 

7.1*1  7 

I 

) 91*9. 0*71 

.*M*7 

179.9 

1.9*179 

1  71.9 

.0113 

2.1  *1  7 

I0«|*.  II" 

.*91*7 

179.* 

1.10*91 

1  90.  I 

.PM) 

7.1*17 

R 

IDM7.1I11 

.711*7 

179.9 

i.im* 

1*0.  1 

.031) 

7.1  *1  7 

- 

10999.9777 

. 711*7 

1  7*.  0 

1.19*70 

110.1 

.0313 

7.1*17 

a 

1 01 ID. *4)9 

. 711*7 

171.? 

1  .  4  39  1  1 

1*0.  7 

.Dill 

7.1*17 

: 

10171.1179 

. 77|*7 

171.9 

1.1119* 

1*0.  R 

.0111 

7.1*17 

10*17.7179 

. 791*7 

in.* 

1.77110 

MI.O 

.0113 

7.1*17 

1 

10**7.1111 

.•11*7 

IH.I 

1.770  73 

1*1.? 

.0311 

7.1  *i  7 

10117. 7«01 

••11*7 

in.  9 

I-II917 

1*1.9 

.Oil) 

7.1  *1  7 

101*7. *177 

.•91*7 

I  r*.  r 

1  .11100 

1*1. * 

.Dili 

7.1*17 

10177. 1*1* 

.171*7 

»?*.r 

1  .101*9 

111.  7 

.01  13 

2.1*i  7 

101*1. •700 

.•91*7 

17*.  9 

1  .19971 

1*1.1 

.riii 

7.1*17 

10111.01*1 

•911*7 

174.1 

I  .!**N| 

1*7.0 

.0113 

7.1617 

10*00.  IHI 

.911*7 

17*.  T 

1.0J719 

1*7.7 

.03  11 

7.1*1  7 

10*01.07*0 

.111*7 

I  7*.  • 

7.07417 

!•?.« 

.03)1 

7.1  *|  T 

10*11. Till 

.171*7 

177.9 

7. 1 1 9 • 1 

1*7.1 

.01  II 

7.1*1  7 

io*7*. s«*a 

.111*7 

177.  1 

7.1*199 

1*7.4 

.01  |1 

7.1*17 

10*1*.  1101 

(.011*7 

ITT. 7 

7.7010* 

117. ■ 

.03  11 

2.1  II  7 

' 

1 0**7a 111 1 

1.011*7 

17  7.9 

7.740  71 

117.1 

.07  |1 

7.111  7 

( 

10*11.0111 

1.011*1 

171.9 

7.719)9 

111.  1 

.07  II 

2.1  •!  7 

10*1*. Mil 

1 .071*7 

171.* 

7. HIM 

III.7 

.0)1) 

2. Ill  7 

T 

10*4*.  HI) 

1.011*7 

171. » 

7.111*7 

It).  5 

.01  11 

2.1  II  7 

10*7*. *0*1 

1.  111*7 

171.1 

7.9/171 

IB  1.1 

.0)1) 

7.1*17 

? 

iNii.fht 

1.111*7 

171. 0 

7.U««I 

(•).! 

.03  11 

2. HIT 

19 


I 

7 


s 

t 


7 


4 


17 

I  • 


IDO 

301 

H 


«00 

HO 

M 


80  COLUMN  PRINTOUT  OF  PROGRAM  NO.  2 


*nn  Tn.rmr  ,n i 


I  F  I  I  7T  IT  I  9*9, 

P*INI  ??P,  .P*,P*il»7,Pa  ,P)»M0<P1  1 

wr*n  pr*  «*n«  u*?i*  r*  ,rs»  r%  *77,  r*«  no 

p»lMt  loni;;i23,ni?Si7iiM,ri,Fs?iD 

»r«o  i««.«,  n,OiRi,»i(T 

Rfin  «p Rill .02,0  ,C2 >CPl iflifRIIir 

»:¥/ 7. 

*«>:*!/* 

A«U*I/*I 

0  1 1  IN-i| I •>. 

07:  IN-AIM  7  . 


pw I : D  t / V 
nv?  zu2/« 


IFINNIf  •#  ,  7 

III :  I  l.-nvi  *{j  .1*011"  P»*T  UR  »>  >  /  II  .-DP  I  *DH1  •  itt*  V  UR  I  )» 
N|:t.*inV|***|/l|eft4-|.l»DWlll"aUI 

Ui= I  I.  -nv»«a.S*0*2»lMT I p*7M / M.-D*7*0»2«t9R'MPt*2M 
12:1  .• I 91>*  4*2/ « I 
CO  TO  P 

*!NF:  O.TP  ♦  2.2P3*^0»TM»n 

lt:lU«O.ia2«AB|-).0?*ABI»l?»1  »??  7»4PH«*  SI  ■  I  I  .-A01)*MnF 
iTNrj:  0.71  JIS«10»T IIP7I 

12:  II.  pH.  !•  ?•*»?- 1 .07*  1. 7?  ?•  P§2»*  T»  *1  I.**  4*2)  •■INF  2 

V:«t  l*Vjl/2. 

*»r  P:T*3 

mini  io»  pm, ii 

POINT  I l*  4*2, AN2,OW2. 12 

Ml*  I  Ilil.lRM 

**INI  I  J 

M|*l  IN 

P*»1N|  1 4 

Mf«M  1* 

*»|NT  707 
■SO:  JPttDn, 
r:f» l|D.»*b  I 
rft:^n/r 
tN;  *«FU 

tri  rw.r*i ) iitiH.ino 
PN;  1  «\0 
r. so«*or* 

<9P:P0/l"PJ. 

rrr  : r 0 •  I f'^  . 

SN» :V»/ irro. 

fN*  .-TN*  |Pn- 

pbtni  22?.®ii;op»^opirNPtSw* 

po:so*  imoa. 

r.o  in  if 

PRINT  107 
Pf  :  f  »•  t 

IflFN-FY)  I  V l 4,*  DO 

1R:  I  »»»!!•  I  n)*«7t  •r/fM 

>1:  Ml/ SO 

mro/ro 

POP:  VJ/l^O. 
fOPrr  0*1^. 


INPiM/IOfO. 

mP:fN*»nO. 

PRINT  T27,P,COP,^OP,r«*P,SNP«IP,ir 
CO: CO*  O.nuOl 
IMCO-C*U  30 1  •  3Q I  *100 
MINI  N07 

I  N:CI«I  IU»IOI  I •£!•••* 

imcn-fmii  ro.2n»i 

IN:  I  *C/CN 


O-5U/V0 

ICrCN/CO 


io>:io/ioaa. 

COP:CO*IOO, 

CSf-ttMilSt _ 

MINI  !  2!»F«t»r«*0f  ffNP»SN*»  tfilf 


«=UtflpJW0i _ 

intHFl)  IQltTOliidO 


sui  s<i=  i  ira/rt  u  ./ii  iisco 
r N:ro* ■••* 7. 
iriFN-ni  7i.7i.onn 
•  J  V«  - !  i r«  * ■“»*?-• 2 » i“  ^ 

%r  fnn  o 
P:  <0 *arm 
so* -so /(non* 
rnr:co»ion. 

<;**»:  SM  /  I 
rn*:f*l«|pn. 

•*•!»*»  j/T.p.coP.SQP'Cw.SNr.is.ir 
rtKCQMJ.nnuS 

iriro-rn  *oi'S0ix’ftj) 

*'JO  PRINT  007 

4,01  f*4;C  ?•!<■■»*. *02!  l»l£0/CII*M#?/#U 

If  22*71, \ 

72  ^5:1 IfO/C I  <1 ,/fll  I  I /€ 0 

<*:  I  ICO»'.r  l«  !♦•?»  ffU 
is^sn/sn 
if ~r*/c o 

P  <0«A»O 

soprso/inau. 

PPlHJ  OP.SPPtrRPiSRP«FS»If 

r0^ro«a.nnu2 
IF  If  O-CT  »f£H  »ttil  •  Ton 
700  I N  T  Tfl? 

701  r «:ro* a •• I ?. *02 i 

ir<r«-fMv»  i 

SM: < If O.^ni. * • • 2  7 /( H 

IS=SM/SO 

n-rnrre 

R:SP*arca 

srp;so/innu. 
rnP:ro» irr. 

SOPrSM/IPOU. 

r*p-rAMin". 

p*Tnt  7j;.<».r  oR'SoP.rMP.SMP.is.ir 

rorcoo.irdt 

60  t  o  to  » 

in  ro»«*T  :irt.S«Sl!MOWV;«Fa.S* 

1 1  i  $f 6H17/IT2:  ilM»li|MLT/>7:tri.t«fllMOI/V:»TM« 

I  SVJhk- 

17  frtHPAT  ||n*MHH- AVC  :»FM.l.  IOIRHMF  T  !»•//» 

II  rflPPAT  I  7H*7fcMP»|n  fCTfC  MATCH  MOOT  ITIf  %  »  /  /  I 
i  a  rci^Ai  miniml  irr.i«waoF.Tnwuw.7iiwu.»i|wuiiMiHH. 

1  711*10 

IS  FORMAT  l4ltHL0IDi%nMtTlitkiHeH)Tir^t«l|NSTRIlN(Al|lltVHSI' 

1  AFJMWR.STJflSURl 

u  ro«FinsiF#ouNo^i«i  TM/ricruMi  whsi.titmrirccrt*  JHMi*!#Rii*Sf 

1  TIIMN./St 

702  F  OOP  ATI  /  •7f'IISMfL/SMC-rtAS?IC»/l 

2ii  FORMAT If 17.A.F I0.W9.I.F  I0.S»F7,| .SltF f ,«»2l»FT.RI 
T02  FORMAT!  /.  0H£  l  AS  T|C-  TRARS MIOAIH  *.» 

¥07  FBWTrA.75lhHClHTI7-7lRfH./i 

40  7  FORMAT !  /  .701  ?SH  TP  ANSI  non»l“1*l«m«M.*7l 

KOJ  rp»MTI/.70l20Hr¥A*iSI»10ll*L-ni5T!C*  / 1 

to 2  rn»»*n/.?inSMFi  rMt'Fi «tic,/i 

in  FORMAT! /A*  SlRSHM.  AMfC,  TRAMS  I T I  ON  .  ANO  n.»ST|f  ARAL'S  IS  OF  * 

1  MPSPCCI"^1*  M0.1IAI.//I 
(At  rORRATl  n.sn  I 

III  FORMAT 

II*  FORMAT  <?r7.*.?El I.S.SF T.t.Ft.7! 

900  roiPAT I ini'tPCLASTlC  COSCOTP ill  OR  FACTOR  CALCUiATCO  AT  7H( « 
t  RAUftMMCTMOOa/1 
T  T I  FORMAT!  flalllll 


UNCIASSimiD 


Security  CUwaifU  ation  - ■  - r—  M  -  ,  -  . .  rmam  »—  i  — — 

DOCUMENT  CONTROL  DATA  R  4  D 

fSer.irl ly  il«tsi tit  *li.jn  nf  Hflr.  uf  ibil/Mc!  *n</  lniig«<nd  (Ion  mint  bf  #«f  f  d  »vh»n  f/»»  oxtail  rtpnrl  X 


"t  oiifliN*TiNO  A  c  T  i  vi  t  v  (Corporal*  ntithnr)  U.  WIPORT  lacumry  CLAIIlTIC  atiom 

Army  Materials  and  Mechanics  Research  Center  IJncl  as  si  fieri _ 

Wut-Attnwn  Mn^'CHrhusett.S  02172  gwoup 
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.i  tifmcT  Various  authors  have  proposed  methods  for  predicting  the  plastic  behavior 
at  the  root  of  a  notch  under  monotonic  loading.  Among  these  is  a  method  by  Neuber, 
which  was  originally  developed  for  shear  but  which  has  been  empirically  applied,  at. 
Neuber's  suggestion,  to  tension  and  compression  loading.  There  has  been  only  a  lim¬ 
ited  confirmation  of  Neuber's  method  in  tests  of  notched  specimens.  Additional 
confirmation  is  given  in  this  report  for  a  range  of  notch  geometry. 

The  basis  of  the  Neuber  approach  is  the  suggested  rule  that  the  geometric 
mean  of  the  stress  and  strain  concentration  factors,  when  the  root  of  the  notch  is 
plastic,  is  given  by  the  theoretical  elastic  concentration  factor:  (KyKt)  '  =  Kt‘ 

I 

The  Neuber  rule  is  evaluated  using  an  appropriate  analytic  representation 
of  the  stress- strain  curve  of  AISI  4340  steel  and  predictions  of  maximum  notch  strain 
versus  nominal  net  section  stress  are  developed.  The  theoretical  results,  when  com¬ 
pared  with  test  data  from  flat  notched  specimens  of  the  same  material  with  a  range  of 
initial  elastic  concentration  factors,  show  agreement  within  5%.  It  is  shown  that 
the  limitations  of  che  strain  gages  in  measuring  the  notch  root  strains  can  account 
for  a  major  part  of  the  discrepancy.  (Author} 
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